Background: Early identification of virological failure (VF) limits occurrence and spread of drug-resistant viruses in patients receiving antiretroviral treatment (ART). Viral load (VL) monitoring is therefore recommended, but capacities to comply with this are insufficient in many low-income countries. Clinical algorithms might identify persons at higher likelihood of VF to allocate VL resources. Objectives: We aimed to construct a VF algorithm (the Viral Load Testing Criteria; VLTC) and compare its performance to the 2013 WHO treatment failure criteria. Methods: Subjects with VL results available 1 year after ART start (n = 494) were identified from a cohort of ART-naïve adults (n = 812), prospectively recruited and followed 2011-2015 at Ethiopian health centres. VF was defined as VL≥1000 copies/mL. Variables recorded at the time of sampling, with potential association with VF, were used to construct the algorithm based on multivariate logistic regression. Results: Fifty-seven individuals (12%) had VF, which was independently associated with CD4 count <350 cells/mm
Background
Regular HIV-RNA quantification in plasma (viral load; VL) is the most accurate method to monitor antiretroviral treatment (ART), and has been routinely used in HIV care in high-income countries since ART became available [1, 2] . VL monitoring allows for early detection of virological failure (VF) before clinical disease progression and accumulation of resistance mutations has occurred [3] [4] [5] . Viral load results can also be used for adherence counselling, and may save costs by preventing unnecessary switches to 2nd line ART [6, 7] . For these reasons, the WHO recommends regular VL monitoring, at 6 and 12 months after ART start and annually thereafter, for all people receiving ART [8] .
In 2015, 46% of the 36.9 million people living with HIV (PLHIV) in the world, of whom the majority reside in Sub-Saharan Africa, had started ART [9] . This achievement has been made possible by decentralisation and integration of HIV care into primary health care. In these settings, access to VL monitoring is severely restricted [10] , and expansion of viral load capacities is hampered by high cost and technical requirements [11] .
In several fields of medicine algorithms are used to determine the likelihood of certain conditions being present, to target further investigations. This approach is also used in HIV care, especially for estimation of the risk of tuberculosis co-infection [12, 13] . Some groups have also attempted to develop algorithms for determination of VF [14] [15] [16] [17] , but to our knowledge these algorithms are hitherto not in general use nor recommended in ART guidelines.
In areas where viral load monitoring is not available the WHO recommends using clinical and/or immunological criteria to identify patients failing on treatment [8] . However, these criteria are not evidence-based, and have poor performance [18] . Alternative strategies for detection of treatment failure are therefore required for ART programs in lowincome countries until universal VL monitoring is established.
In Ethiopia, nearly 400,000 out of an estimated 781,000 PLHIV had started ART by 2016 [19, 20] , with most HIV care provided through health centres. Until 2015, viral load testing was only recommended for cases of clinically suspected treatment failure [21] . Although annual viral load testing is currently recommended for all patients receiving ART, the resources to comply with this are limited. The use of algorithms to prioritize patients for viral load testing should therefore be considered to optimize use of available laboratory resources.
For this purpose, we have constructed an algorithm intended for use in decentralized HIV care settings to identify subjects with increased likelihood of VF who need further evaluation with VL testing. The algorithm is based on robust variables independently associated with VF in cohort of adults receiving care at Ethiopian health centres. The performance of the algorithm is compared with the 2013 WHO failure criteria in our cohort participants.
Methods

Patient population
This study is based on a patient cohort prospectively recruited from October 2011 until March 2013 at all five public health centres providing ART in and around the city of Adama, Ethiopia (uptake area 600 000 inhabitants). The cohort was recruited to study methods to diagnose tuberculosis and virological failure in HIV positive adults. Detailed descriptions of the cohort has been published previously [22, 23] .
ART-naïve patients aged ≥18 years with recorded CD4 cell count <350 cells/mm 3 and/or WHO stage IV disease were eligible for enrolment in the cohort. Subjects with previous ART experience and/or tuberculosis treatment for >2 weeks were excluded.
At inclusion, socio-demographic and medical information was collected, and at all subsequent visits symptoms and clinical findings were recorded following structured questionnaires. All patients enrolled in HIV care in Ethiopia receive adherence counselling at least twice before starting ART and adherence assessments are made at all clinical visits after ART initiation [21] . For study purposes, medication adherence was estimated using a three-question panel on: punctuality of daily tablet intake, number of missed doses weekly, and duration since last missed dose [24] . Treatment interruption of ART since last visit (for any reason and at least one day's duration) was also recorded.
Follow-up visits after ART start were scheduled at months 1, 2, 3, 6, 9, 12, and biannually thereafter. Blood sampling for haematological parameters, CD4 cell counts and storage of plasma for later VL testing was performed in all participants at months 1, 3, 6, 12, and subsequent visits. Participants could, however, decline to give blood without being excluded from the study.
HIV-1 RNA quantification was performed on plasma aliquots stored at −80°C at the regional laboratory in Adama using Abbott Real-Time HIV-1 assay (Abbott Molecular Inc., Des Plaines, IL; detection limit 40 copies/mL) in batches during the study period. Results were communicated to care providers with recommendations to assess adherence and repeat viral load testing on subjects with VL ≥1000 copies/mL before referral for second line ART (according to national guidelines). Blood sampling was performed at the same visit as recording of symptoms and clinical findings, thereby blinding the clinicians performing the examinations with regard to VF. External quality assurance of the regional laboratory is regularly performed by the Center for Disease Control and Prevention (Atlanta, GA).
Subjects with a study visit 1 year (9-15 months) after ART start, with an accompanying viral load result, were included in this study.
The WHO criteria
The WHO 2013 clinical failure criterion is defined as a new or recurrent clinical event indicating severe immunodeficiency after 6 months of ART, whereas immunological failure is defined as a CD4 count below or at the value measured before starting ART or a CD4 count <100 cells/mm 3 [25] . In this study, all stage 3 and 4 events were considered to indicate severe immunodeficiency.
Statistical analysis
The aim of this study was to construct an algorithm with high sensitivity and acceptable specificity to identify subjects with VF 1 year after ART start. We used VL ≥1000 copies/mL as definition of VF.
To construct the algorithm, all variables registered at the 12-month visit were assessed for possible association with VF. Variables had to be considered robust with potential to be used in a decentralized care setting to be included. Since active case-finding for tuberculosis had been performed on the cohort at inclusion we included this parameter to evaluate its potential impact on VF.
We used routinely used threshold levels to dichotomize body-mass index (BMI; <18.5 kg/m 2 ), mid-upper arm circumference (MUAC; <23 cm for women and <24 cm for men), haemoglobin (<11.0 g/dL), and lymphocyte count (<1100 cells/mm 3 ) [26, 27] . Karnofsky performance status (KPS), and CD4 count were analysed with ROC (receiver operating characteristics) curves and dichotomised at maximum sensitivity with acceptable specificity; KPS at <90% and CD4 count at <350 cells/mm 3 . Age was used as a continuous variable since no clinically useful threshold could be determined.
All variables were analysed with univariate logistic regression. Variables associated with VF in univariate analysis (p < 0.3) were entered into a multivariate regression model followed by stepwise backward removal of the least significant variable at each step until only variables independently associated with VF (p < 0.05) remained. The remaining variables constituted the VLTC.
The diagnostic accuracy of the VLTC and WHO criteria were evaluated using sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) with 95% CI. To further describe the discriminatory potential, numbers needed to test to identify one subject with VF (NNT) was calculated.
To assess possible effect modification (interaction) between the algorithm and gender, the performance of the algorithm and its individual components were also analysed separately for men and women.
We performed a sensitivity analysis including only subjects with complete data for all criteria included in the WHO criteria and VLTC, and assessed possible effects on the performance of the algorithms due to missing data. In this study, all participants underwent active case-finding for active tuberculosis at inclusion. To assess the impact of these investigations on the WHO clinical criteria, which includes incident tuberculosis during ART, subjects with tuberculosis were excluded in an additional sensitivity analysis. The statistical analyses were performed in SPSS version 21 (IBM Corp, Armonk, NY).
Results
Patient characteristics
Among the 812 individuals in the cohort, 729 (90%) started ART during the follow-up period, Figure 1 . Baseline characteristics are shown in Table 1 . Patients not remaining in the study until the 12-month visit could not be included in this study. A similar number of men and women did not remain in follow-up due to death (22 men and 21 women) or loss to follow-up (20 men and 19 women). Participants without viral load results and/or no registered study visit within the defined time frame 1 year after ART start, 116/610 (19%), were excluded. Characteristics of excluded participants were similar to those of included participants, except for a greater proportion of men being excluded due to unavailable data, Table 1 . Seventy-five of the 82 participants without 12-month data remained in follow-up at 18 months of ART (2 were transferred out, 3 were lost to follow-up, and 2 declined further participation).
In total, 57 of the included 494 participants (12%) met our definition of VF 1 year after starting ART.
Derivation of the VLTC
In univariate analysis, the following variables were associated with VF (p < 0.3): gender, age, KPS, BMI, gender-specific MUAC, previous ART interruption, CD4 count <350 cells/mm 3 haemoglobin and lymphocyte count, supplemental Table  1 . Tuberculosis at inclusion, adherence <95%, and the clinical sign skin rash, did not show any association with VF.
After stepwise removal from the multivariate model the following variables remained: gender-specific MUAC, CD4 count <350 cells/mm 3 , and previous ART interruption, Table 2 . Age was kept in the multivariate model for adjustments due to its univariate association with VF but without any clear threshold level. 
Performance of the VLTC
A total of 299/494 (61%) had either a CD4 count <350 cells/mm 3 , a previous ART interruption, or MUAC below the gender-based threshold level; 52 of whom (17%) had VF. The NPV for determination of VF was 97% (95% CI, 94-99) with a corresponding sensitivity of 91% (95% CI, 91-97), Table 3 . The specificity was moderate at 43% (95% CI, 39-48). Using the occurrence of any of the VLTC components to prompt a VL, the NNT decreased to 5.8 from 8.7 for universal testing. At higher thresholds, i.e. the occurrence of 2 or 3 VLTC components to prompt a VL, sensitivity markedly decreased (37% and 4%, respectively) and was therefore not considered in further analyses.
In comparison, the combined WHO criteria indicated VF in 153/494 (31%); 38 of whom (25%) had VF. The NPV was 94% (92-96) but the corresponding sensitivity was 67% (53-79), Table 3 .
The VLTC had similar sensitivity for men and women, 90 and 93% respectively, but the specificity was higher among women resulting in a NPV of 94% for men versus 99% for women, supplemental , and previous ART interruption, the direction of associations remained the same for men and women.
Sensitivity analysis
Two sensitivity analyses were performed. First, a complete-case analysis including only those with full datasets regarding MUAC, CD4 count, treatment interruption, and WHO stage (n = 453/494; 55/57 with VF). The sensitivity increased from 91% to 95% for the VLTC, without any change for the remaining performance indicators, supplemental Table 2 . The sensitivity for the combined WHO criteria decreased slightly from 67% to 64%. Second, subjects diagnosed with active tuberculosis at inclusion (n = 88) were excluded. The sensitivity of the AC increased slightly from 91% to 94% with no change of the remaining performance indicators, supplemental Table 2 . The performance of the WHO criteria did not change.
Discussions
The discrepancy between the current recommendations for VL monitoring for all patients receiving ART and the insufficient capacity for VL testing constitutes a huge obstacle for ART programs in low-income countries, especially in view of the goal Table 1 . Baseline characteristics of study participants.
Characteristic
Started ART (n = 729) 12-month data available (n = 494) 12-month data unavailable (n = 116) P of achieving universal ART coverage among PLHIV [8, 10, 28] . Although resources for VL monitoring are being scaled up in high-burden countries [10, 19] it is important to consider alternative evidence-based strategies to monitor patients on ART. Algorithms that assess the likelihood of VF could help target resources for viral load testing in a cost-effective manner.
We have constructed such an algorithm using data recorded prospectively and blinded, in a cohort of patients starting ART at Ethiopian health centres; a representative setting for where most PLHIV globally receive ART. We decided to use only robust parameters that have low inter-and intra-observer variability. Furthermore, we did not consider data on trends in laboratory results since such information could be lacking at peripheral clinics and criteria requiring calculations can be error-prone [29] .
The Viral Load Testing Criteria (VLTC) consists of three parameters all independently associated with an increased likelihood of VF: signs of malnutrition (measured by gender-specific MUAC thresholds), CD4 count <350 cells/mm 3 , and interruption of ART since last visit. These criteria are possible to use in most decentralized care settings in low-income countries.
Mid-upper arm circumference is a well-established marker of malnutrition, which also has been associated with mortality during ART [30, 31] . Furthermore, we have shown its association with virological suppression (VL<400 copies/mL) at 6 months after ART start in this cohort [23] . Given the observational nature of this study, we cannot determine the mechanisms involved in this association. It is possible that reflects impoverishment in this population, but it could also be a consequence of continued HIV replication with HIV-related wasting.
Inadequate treatment adherence has been linked with the risk of VF [14, 15] , but such an association was not observed in our cohort. However, VF was more common in patients with treatment interruptions. We consider this parameter to be reliable and easy to measure compared with more complex assessments of adherence level. A similar criterion was part of clinical algorithm for VF developed in Uganda [17] , and associated with VF in a study from South Africa [32] .
Over the last decade availability of CD4 count testing has increased as part of ART roll-out [33] . Although CD4 count measurement may not be necessary for many patients with universal access to ART [34] , this technology can still be useful in settings with limited treatment coverage or limited access to VL. We used a ROC curve to determine an appropriate threshold level for CD4 count. The threshold 350 cells/mm 3 was chosen for its high sensitivity (82%) and acceptable specificity (54%) and coincided with the median CD4 count at 12 months after ART start. Both CD4 count <100 cells/mm 3 and CD4 count below baseline (WHO immunologic criteria) were associated with VF, but with low sensitivities at 23% and 32%, respectively. Different approaches in the use of CD4 counts to detect individuals with failing treatment has been suggested, such as risk charts [35] and CD4 gain percentile curves [36] . To keep the VLTC simple, and userfriendly we did not consider changes in CD4 count over time. However, the threshold indicating increased likelihood of VF is influenced by the CD4 count at treatment initiation. Indeed, our participants had a median CD4 count of 192 cells/mm 3 at ART start, comparable with pre-ART counts in many African settings [37] . However, ART is now recommended for all PLHIV irrespective of CD4 counts [8] , and it is likely that this will affect the performance of CD4 count data for identification of VF.
The use of algorithms will inevitably lead to some degree of misclassification. The VLTC had high sensitivity with acceptable specificity resulting in a NPV of 97%. Since the criteria should be regarded as a screening method to identify patients in need of VL testing to determine whether VF is present, sensitivity must be high. We considered construction of a scoring system based on sums of individual criteria, but since this compromised sensitivity markedly we decided to use the criteria separately.
There have been previous attempts to construct algorithms for targeted viral load testing based in SubSaharan Africa [15] [16] [17] 35, 36] and Cambodia [14] . Compared with these algorithms, the VLTC has few parameters, does not require any calculations, and only use information that can be available point-ofcare. Despite this, it achieved high sensitivity in derivation. A clinical predictor score developed in Cambodia [14] achieved comparable sensitivity (78%) in a subsequent validation in Cambodia [38] , but the sensitivity was low (51%) when validated in Uganda [15] . The clinical algorithms constructed in Sub-Saharan Africa (2 in Uganda and 1 in South Africa), had sensitivities ranging from 67% to76% [15] [16] [17] , external validations of these algorithms are yet to be published. The sensitivity of the 2013 WHO criteria was higher in this cohort (67%) compared with previously reported data [15, 16, 18] . For targeting viral load testing, however, misclassification of 33% of subjects with VF cannot be accepted.
The drawback of the high sensitivity for the VLTC is its limited specificity requiring VL testing of a large proportion (61%).
The development of point-of-care testing devices has great potential in improving access to VL with reduced turnaround time [39] . However, due to limited capacity of such devices, a combination with central, high-volume testing is still needed [40] . Algorithms such as the VLTC could be considered for determination of subjects at highest risk of VF that should be for point-of-care testing, whereas remaining samples are sent to central laboratories. For such an approach, a combination of at least two criteria of the VLTC could be considered, increasing specificity to 88% for point-of-care testing.
This study was performed in health centres with nurse-based care, a setting in which most PLHIV receive their care. Data used for this study were prospectively collected from participants in a well-characterized cohort by nurse-clinicians blinded to the outcome of the study following a structured protocol. All participants were investigated for active tuberculosis at baseline. In line with a previous report from this cohort, VF was not associated with tuberculosis co-infection [23] .
This study has some limitations. We defined VF as a single viral load ≥1000 copies/mL. Since some patients with a single elevated viral load level will have suppressed viremia on repeated testing [6] , this definition could overestimate the rate of treatment failure. However, the VLTC is not intended to diagnose treatment failure (defined by the WHO as a VL above 1000 copies/mL at two consecutive measurements with adherence counselling in between [8] ), but rather to identify patients at risk who need viral load testing. Data on drug resistance was no available for the participants of this study, information that unfortunately seldom is available in low-income settings. A proportion of subjects who started ART were excluded from analysis since a study visit with accompanying viral load was not available, which may have had some impact on the findings. In particular, a higher proportion of male participants were excluded for this reason, but few were lost to follow-up. Importantly, the VLTC has hitherto not been externally validated, which is necessary to assess it robustness before implementation in standard care. This also concerns the performance of this algorithm among ART-experienced patients, who were not included in our cohort.
In conclusion, the VLTC consisting of three simpleto-measure criteria, was more sensitive than the 2013 WHO criteria in determining the likelihood of VF 1 year after starting ART. The VLTC could therefore be used to rule out VF in 4/10, reducing the numbers needed to test from 8.7 (universal testing) to 5.8 for each VF identified (Figure 2) . VL resources could thereby be allocated more efficiently, with few cases of missed VF.
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Paper context
Virological monitoring is recommended for people receiving antiretroviral therapy, but monitoring capacities are insufficient in low-income countries. The World Health Organization's immunological and clinical failure criteria have poor performance for identification of virological failure. We present an algorithm (Viral Load Testing Criteria), that in derivation has high sensitivity and acceptable specificity to identify virological failure 12 months after treatment initiation. If externally validated, these criteria could be used to allocate viral load resources more efficiently. 
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